Mobile robots have many abilities, of which the most unique one is the mobility. The terrain over which, these robots must be able to move is often uneven, slippery or muddy, which gives rise to many challenges, particularly stability. Two of the most common methods for robot mobility are wheels and legs. The necessity of legged robots is increasing day by day, as compared to the wheeled robots. Legged robots are more advantageous and versatile than wheeled robots, on uneven terrain such as military operations, remote locations, dangerous environments, excavation and construction works and medical applications. However, achieving the perfect locomotion and mobility of legged robots, on any type of terrain is the area of current research. This paper presents, design of a quadruped robot having four legs, but based on human leg structure. An attempt was also made, to perform inverse kinematic analysis on the design for validation. The paper also explains the procedure of designing a quadruped robot and the parameters involved in it.
INTRODUCTION
Legged robots are more advantageous, than wheeled robots in uneven terrain. Wheeled robots need a fixed terrain to move, but legged robots can move on uneven terrain with ease. Designing of legged robots involves various parameters, such as leg structure, leg kinematics, leg joints, actuators, stability and motion control. Rashid et al. (2012) designed and developed a Hexapod robot with maneuverable wheel for ease of movement on either the flat surface or the inclined surface. The Hexapod robot uses maneuverable wheels, to move on a flat surface and legs, to climb the inclined surfaces. The decision for using wheels or legs is based on the sensor devices and the algorithm, developed at the controller attached to the robot. Giuseppe Carbone et al.
SELECTION OF A LEGGED ROBOT
Designing a legged robot is very complicated than a wheeled robot. There are different types of the leg structures for different legged robots. A bipedal robot follows the human leg structure as a base, while quadruped robot uses mammal leg structure and hexapod robot uses insect leg structure. Leg of a humanoid robot has three joints, without considering the foot as it consists of many joints. A human leg structure can achieve 41 degrees of freedom, whereas a mammal leg structure can achieve up to 12 degrees of freedom and insects can achieve up to 18 degrees of freedom. Selection of appropriate type of robot configuration is of prime importance, for any specific application. Table 1 , displays the criteria for the selection of a robot's configuration. Bipedal robots have a higher degree of freedom (DOF), as compared to the quadruped and hexapod robots, and the number of actuators in a bipedal robot is comparatively less than quadruped and hexapod robots. Thus, use of the bipedal leg structure of a quadruped robot, reduces its number of components. Using the same in hexapod configuration, would make the design complex.
CONCEPTUAL DESIGNS
So far, every design of legged robots is taken from nature such as, bipedal robots represent human leg structure, quadruped robots represent the mammal leg structure and hexapod robots represent the insect leg structure. In this work, a new approach is proposed in the design, by considering the human leg structure for a quadruped robot. Because the human leg structure has three joints that is thigh joint, knee joint and foot joint, whereas mammals have more number of joints.
Use of human leg structure will reduce the number of joints and increase the performance of the robot. Bipedal robot uses symmetric gaits for walking, which are more stable than asymmetric gaits. Therefore, higher degree of freedom can be achieved in quadruped robots.
In order to make a full proof and accurate working robot, it is important to prepare a sound design which starts with the conceptual design stage. A conceptual design is prepared based on thorough analysis of parameters, which are shown in Table 2 . Parameters like the construction, control, stability, programming, weight, application, etc. are studied for bipedal, quadruped and Hexapod robot configurations.
www.tjprc.org editor@tjprc.org gaits, which are more stable than asymmetric gaits, hence is selected as the leg structure in the proposed quadruped robot. Figure 1 displays the leg structures of mammals like monkey, dog, sheep, and horse including human being.
These structures show the increasing complexity involved in various mammals. Figure also presents the conceptual representation of these leg structures to be used in a robot leg design.
Figure 1: Conceptual Design of Leg Structure in Mammals
Amongst the leg structures of mammals shown in Figure 1 , the locomotion style of humans and horses is same i.e., walking. Hence, a comparative study is made between various parameters to make a selection between human leg and horse leg locomotion in the proposed robot, as shown in Table 3 . Different conceptual design models have been prepared with different aspects, criteria, specifications, shapes, advantages and disadvantages. The specifications of the robots cover a few main aspects such as, the amount of motors used, legs, joints and links, which are shown in Table 4 . Table 5 shows the characteristics of the conceptual designs prepared in terms of size, weight, actuators and material. 
SELECTION OF QUADRUPED ROBOT DESIGN AND ITS MODELING
It is important to select the best design for a quadruped robot. Out of the five designs mentioned in Table 4 and 5, one of the best designs has been selected before making the model in detail. Third design has been selected for further
Design of a Quadruped Robot and its Inverse Kinematics
www.tjprc.org editor@tjprc.org work because the design is less complex and more reliable than the other designs. It can control the foot joint which improves the gait and helps in obtaining better stability. Controlling the foot joint also avoids the collisions of two legs during movement. Modelling of the robot is done using the Creo software which is used for 3D modelling. By using coordinate system, individual components have been modelled in software and assembled together.
KINEMATICS OF QUADRUPED ROBOT
Kinematics is the study of the robot movements with regards to a reference system in the analytical description of the spatial movement of the robot such as the positions and orientations of the robot final links and the values of their joint co-ordinates.
Types of Kinematics
• Direct kinematics
• Inverse kinematics
The direct kinematics consist of robot positions and orientation with regard to a reference coordinate system, resolves the values of each link and the geometric parameters of the robot elements. In other words, for the solution of each link co-ordinates, the final link values will be deduced. Also, it is used to find the position and orientation of the robot using the geometric relations. The inverse kinematics consist on determination of the robot configurations that should adopt the robot at each link to reach the desired position and orientation for the final link. 
DENVAIT HARTENBERG METHOD (D-H)
D-H describes a process for performing robot kinematics and represents its motions. The method works with the quadruped system {α i, a i, d i, θ i } and is labelled an orthonormal (x, y, and z) coordinate system to each robot joint. Relating this way, each joint reference system to the next and forms a complete robot geometry representation.
D-H Notation
Robots are generally made up of links that are connected by joint to their preceding and subsequent link. The origin here is the base reference coordinate system. Joints could be rotational or translation. Each joint has one degree of freedom. Therefore, a concatenation of n+1 links by n joints means the system has n degrees of freedom.
With the definition of fixed and variable kinematic parameters for each link, kinematic models can be defined.
This model is the analytical description of the spatial geometry of motion of the manipulator with respect to a fixed (inertial) reference frame, as a function of time. In particular, the relation between the joint-variables and the position and orientation of the end-effector is the kinematic model. It is required to control position and orientation of the end-effector, in 3D space, so that it can follow a defined trajectory or manipulate objects in the workspace. and parameters for the 3-DOF leg is shown in Figure 2 and Table 3 respectively. 
Figure 2: D-H Representation of the Robot Leg

KINEMATIC ANALYSIS Direct Kinematics
The link transformation matrices are as follows. 
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INVERSE KINEMATICS USING ROBO-ANALYSER SOFTWARE
In order to validate the theoretical results obtained, the kinematics of the robot leg structure is performed in a Robo-Analyser software. 
D-H Representation Using Robo-Analyser Software
COMPARISON OF RESULTS
Results obtained using the theoretical kinematic analysis and Robo-Analyzer software analysis are presented in Table 8 . It can be seen that manipulator positions, coordinates obtained at various locations are almost same and thus validate the proposed design model. 
CONCLUSIONS
This paper presents the design of a quadruped robot, having four legs but based on human leg structure and its kinematic analysis. Following conclusions are drawn from the work. Selection of legged robot configuration i.e., bipedal robot was made based on its advantages over other configurations. A detailed study of various parameters amongst mammals was made to finalize the locomotion style in the proposed quadruped robot. It is found that the locomotion stylewalking of humans and horses is almost same. Further study was made, to finalize the human locomotion style. Various conceptual designs of leg structure were prepared, in Creo software. Based on the characteristics and other aspects, less complex and more reliable design was selected (Third design). This design improved gait, gave better stability and avoids collision of two legs, during motion. Both theoretical and simulated inverse kinematic analysis, of quadruped robot based on bipedal leg structure, was carried out using D-H method. Robo-Analyser software was used, for performing the analysis 
